RAP74, the large subunit of transcription factor IIF, associates with a preinitiation complex containing RNA polymerase II (pol II) and other general initiation factors. We have mapped the location of RAP74 in close proximity to promoter DNA at similar distances both upstream and downstream of a DNA bend centered on the TATA box. Binding of RAP74 induces a conformational change that affects the position of pol II relative to that of the DNA. This reorganization of the preinitiation complex minimally requires the N-terminal region of RAP74 containing both its RAP30-binding domain and another region necessary for accurate transcription in vitro. We propose a role for RAP74 in controlling the topological organization of the pol II preinitiation complex.
Initiation of mRNA synthesis by mammalian RNA polymerase II (pol II) is a complex biochemical process controlled by a set of general transcription factors including TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH (1) (2) (3) (4) (5) . Transcription initiation is preceded by the assembly of a preinitiation complex consisting of pol II and the general transcription factors on promoter DNA. For genes containing a TATA box, the first step in preinitiation complex assembly is the binding of TATA box-binding protein (TBP), the TATA box-binding subunit of TFIID, to the TATA element (6) . The other general transcription factors and pol II can assemble, mostly through protein-protein interactions, onto the TBP-promoter complex (1) (2) (3) (4) (5) (6) .
Human TFIIF, which is composed of two subunits known as RAP30 and RAP74, is involved at both the initiation and elongation stages of transcription (7) . It is required for accurate initiation of transcription at all promoters tested except the IgH promoter (8) (9) (10) . RAP30 is directly involved in recruiting pol II to a preinitiation complex containing TBP and TFIIB (11, 12) . TFIIF binds to several general initiation factors, including TFIIB (13) (14) (15) , TFIID (16) , and TFIIE (17) , as well as to pol II (10, 14, 15, 18) . It is also an integral component of pol II holoenzymes isolated from both yeast and mammalian cells (19) (20) (21) . These findings suggest that TFIIF plays a central role in preinitiation complex assembly. TFIIF is a target for at least some transcriptional activators, since the interaction of RAP74 with the serum response factor that binds the c-fos promoter is required for transcriptional activation (22, 23) . In addition, TFIIF can stimulate RNA chain elongation (7, 24, 25) .
Over the past few years, both high and low resolution techniques have been utilized to analyze the structure of the pol II preinitiation complex (26) . NMR and x-ray crystallography studies revealed surprising features of TBP-promoter (27, 28) , TBP-TFIIB-promoter (29, 30) , and TBP-TFIIA-promoter (31, 32) complexes. Binding of TBP to the TATA element induces bending of the promoter DNA (27, 28) . TFIIA and TFIIB both interact with TBP in the preinitiation complex, and TFIIB primarily by clamping onto the C-terminal stirrup of TBP (29, 30) . Alanine scanning mutagenesis has identified regions on the surface of TBP that are required for interactions with the various components of the complex (33) . Protein-DNA crosslinking has been used to obtain information on the relative positions of the general transcription factors and pol II along promoter DNA (34 -37) . Using 5-[N-(p-azidobenzoyl)-aminoallyl] photocrosslinking (38), we have previously mapped the locations of two subunits of TFIIA (A35 and A21), TBP, TFIIB, RAP30, RAP74, TFIIE34, and the two largest subunits of pol II along the adenovirus major late promoter (34, 35) . This low resolution technique has the advantage of providing information on the topology of large complexes assembled using full-length or truncated polypeptides.
We have now mapped the location of RAP74 in close proximity to the major groove of DNA at similar distances both upstream and downstream of a DNA bend centered on the TATA box. We show that the association of RAP74 with the preinitiation complex induces a molecular reorganization of the complex that affects the position of pol II relative to that of the DNA.
Electron Microscopy (EM).
Immediately after binding reactions, protein-DNA complexes were diluted and deposited on carbon grids using the amylamine method (39) . The complexes were not submitted to a fixation procedure prior to deposition onto the grids. The samples were positively stained with uranyl acetate and rotary shadowed with tungsten prior to observation using a Philips Electrical Instruments (Mahwah, NJ) model 201 electron microscope at 60 kV. DNA length measurements were obtained from electron micrographs at a final magnification of ϫ190,000 by direct planimetry using a Map Videoplan-2 system (Zeiss). Micrographs of 35 different DNA fragments, either uncomplexed or carrying a preinitiation complex in the region of the TATA box, were analyzed. A Student's t test was used for statistical analysis (Statistical Sciences, Seattle, version 3.3 for Windows).
RESULTS
The RAP74 Subunit of TFIIF and the 145-kDa Subunit of Pol II Crosslink to Nucleotides Located Both Upstream and Downstream of the TATA Box. Our previous photocrosslinking data indicated that RAP30 and RAP74 occupy adjacent spaces on the same face of the DNA helix between the TATA box and the transcriptional initiation site of the adenovirus major late promoter, a region where pol II and TFIIE are also known to crosslink (34, 35) . We have now extended our topological analysis to the promoter region located upstream of the TATA box. Interestingly, we have also obtained strong crosslinking of RAP74 and pol II to various positions upstream of the TATA element (Fig. 1A) . In our experiments, we assess the specificity of crosslinking by comparing crosslinking reactions performed in the presence or in the absence of TBP. This is necessary because pol II and some general transcription factors bind to DNA in a nonspecific manner (34, 35, 40) . A crosslinking signal that is significantly weaker in the absence of TBP is interpreted as promoter-specific because we always observed that assembling a reaction in the absence of TBP had the same effect as using a photoprobe with a mutated TATA element (refs. 34 and 35, and below). In the presence of TBP, TFIIB, TFIIF (RAP74 and RAP30), pol II, and TFIIE (p56 and p34), we obtained specific crosslinking of RAP74 and the 145-kDa subunit of pol II to nucleotides of the noncoding strand both downstream (positions Ϫ5 and Ϫ15) and upstream (positions Ϫ39͞Ϫ40) of the TATA box. RAP74, but not pol II, crosslinked to additional positions on the coding strand upstream of the TATA element (positions Ϫ48͞Ϫ45). We did not obtain specific crosslinking of RAP74 and pol II to nucleotides in the vicinity of the TATA element (positions Ϫ31͞Ϫ29 on the coding strand and positions Ϫ30͞Ϫ25 on the noncoding strand) where TBP and TFIIA have been shown (34) to crosslink. The two largest subunits of pol II specifically crosslinked to position Ϫ19 on the coding strand. Strong crosslinking of RAP74 and the 145-kDa subunit of pol II both upstream and downstream of the TATA element required the presence of TBP ( Fig. 1 A, positions Ϫ39͞Ϫ40; compare lanes ϩ and Ϫ). The absence of TBP had the same effect as the use of a photoprobe containing a mutated TATA element (TATA-AAA to TAGAGAA) (Fig. 1B) . The crosslinked polypeptide at Ϸ70 kDa was identified as being RAP74 because (i) the crosslinked band was only obtained when RAP74 was present in the reaction (Fig. 1C , compare ''All factors'' and ''No RAP74''), and (ii) this polypeptide can be immunoprecipitated with specific antibodies raised against RAP74 (Fig. 1C ), but not with control antibodies. Crosslinking of the 180-kDa and 145-kDa polypeptides was only obtained when pol II was present in the binding reactions (Fig. 1C , compare ''All factors'' and ''No Pol II''). The factors we used in our crosslinking experiments were highly purified pol II and recombinant TBP, TFIIB, TFIIE34, TFIIE56, RAP74, and RAP30 expressed in Escherichia coli (Fig. 1D) .
Specific Crosslinking of the 145-kDa Subunit of Pol II to Nucleotides ؊39͞؊40 and the 180-kDa Subunit of Pol II to Nucleotide ؊19 Requires the Presence of RAP74. To analyze the role of RAP74 on the crosslinking of pol II upstream of the TATA element we used various RAP74 mutants with Cterminal deletions (15) in our experiments ( Fig. 2A) . As mentioned above, specific crosslinking was monitored by comparing the intensities of crosslinked polypeptides obtained in the presence of TBP with those obtained in its absence. When full-length RAP74 (amino acids 1-517) was added to reactions containing TBP, TFIIB, RAP30, pol II, and TFIIE (p34 and p56), we obtained specific crosslinking of the 145-kDa subunit of pol II to positions Ϫ39͞Ϫ40 (Fig. 2B ). RAP74 deletion mutants containing the N-terminal 205 amino acids (e.g., mutants 1-409, 1-356, 1-296, and 1-205) supported the specific crosslinking of pol II to position Ϫ39͞Ϫ40 (Fig. 2B) . Longer deletions abolished this crosslinking of the polymerase upstream of the TATA element (Fig. 2B , compare mutant 1-205 to mutants 1-172 and 1-75). In the absence of RAP74 (Fig. 2B) , no specific crosslinking of pol II to positions Ϫ39͞Ϫ40 was obtained. Crosslinking of pol II downstream of the TATA box has previously been shown to occur in the absence of RAP74 (refs. 34 and 35, and below). In Fig. 2 , only the upper part of the crosslinking gels containing the two largest pol II subunits is shown to simplify the data, but the lower part of the gels indicated that only fragments of RAP74 able to support accurate transcription in vitro specifically crosslink to positions Ϫ39͞Ϫ40 as well as to positions Ϫ15, Ϫ5, and Ϫ48͞Ϫ45 (data not shown). Our data using photoprobe Ϫ39͞Ϫ40 are summarized in Fig. 2D . They indicate that RAP74, through its N-terminal region (amino acids 1-205), induces a conformational change in the preinitiation complex that brings pol II closer to our photosensitive nucleotide upstream of the TATA element at positions Ϫ39͞Ϫ40.
We have previously shown (34, 35 ) that RAP74 and TFIIE strongly stimulate crosslinking of the two largest subunits of pol II and RAP30 to position Ϫ19 of promoter DNA. As shown in Fig. 2C , when full-length RAP74 (e.g., amino acids 1-517) was added to reactions containing TBP, TFIIB, RAP30, pol II, and TFIIE, we obtained specific crosslinking of the 180-and 145-kDa subunits of pol II to nucleotide Ϫ19. In the absence of RAP74, only the 145-kDa pol II subunit weakly crosslinked to this position (Fig. 2C , compare ''1-517'' and ''No RAP74''). The 145-kDa subunit of pol II also crosslinks to nucleotides Ϫ15 and Ϫ5 in the absence of RAP74 (data not shown). RAP74 mutants containing the N-terminal 205 amino acids (e.g., mutants 1-409 to 1-205) fully supported the specific crosslinking of the two largest pol II subunits to nucleotide Ϫ19 (Fig. 2C) . The RAP74 mutant containing the N-terminal 172 amino acids, which are sufficient to bind RAP30, but not for accurate transcription in vitro (15) only partly supported the specific crosslinking of both the 180-and 145-kDa pol II subunits to position Ϫ19. In the presence of RAP74 mutant 1-75, only the 145-kDa pol II subunit specifically crosslinked to position Ϫ19. Our data using photoprobe Ϫ19 are summarized in Fig. 2D . They indicate that RAP74 brings the 180-kDa pol II subunits closer to our photosensitive nucleotide at position Ϫ19, further supporting the notion that RAP74 induces a reorganization of the preinitiation complex.
The Preinitiation Complex Assembles on Promoter DNA That Forms a Bend Centered on the TATA Box. A possible explanation for the crosslinking of RAP74 and pol II to DNA regions both upstream and downstream of the TATA box, but not to the actual nucleotides of the TATA box itself, is that promoter DNA forms a bend centered approximately on the TATA element. Such a bending of the promoter DNA would place the nucleotides located between Ϫ15 and Ϫ5 closer to those located between Ϫ40 and Ϫ50. Previous studies (27, 28) indicate that the binding of TBP to the TATA box induces a bend in the promoter DNA. To visualize the structure of protein-DNA complexes assembled on promoter DNA in the presence of TBP, TFIIB, TFIIF, pol II, and TFIIE, we submitted promoter fragments, either naked or carrying a preinitiation complex, to EM (Fig. 3) . Examination of several micrographs revealed that the complexes assembled in the region of the TATA box, which was 160 bp from one end of the 630-bp DNA fragment utilized, were generally placed slightly on the edge of the DNA helix (Fig. 3A) . In most cases visualization clearly revealed that DNA forms a bend within the protein complex (for an example, see Fig. 3A ). To clearly demonstrate the extent of the bent DNA within the core of the complex, we measured the lengths of DNA fragments that were either naked or carrying a preinitiation complex. Micrographs of 35 different fragments revealed that the lengths of fragments carrying a protein complex were significantly smaller than the lengths of naked fragments (579 Ϯ 21 bp vs. 630 Ϯ 21 bp; P Ͻ 0.0001) (Fig.  3B) . From these data, we conclude that Ϸ51 bp of promoter DNA are included within the core of the complex. Taken together, our data support the concept that the preinitiation complex assembles onto promoter DNA sequences that form a bend centered approximately on the TATA element. The exact angle formed by the DNA helices on each side of the TATA box cannot be measured with precision from our experiments.
DISCUSSION
The exact role of RAP74 in transcriptional initiation is not clear from previous studies. In this report, we have analyzed the topology of preinitiation complexes assembled in either the presence or the absence of RAP74 to define more precisely the role of the large subunit of TFIIF in preinitiation complex assembly.
Our photocrosslinking data indicate that RAP74 is located in close proximity to the major groove of promoter DNA in regions both upstream and downstream of the TATA element, but not in the vicinity of the TATA box itself (Fig. 1) . A probable explanation for this observation is that promoter DNA forms a bend centered approximately on the TATA box. Such a bending of the promoter DNA would place the nucleotides between Ϫ15 and Ϫ5 closer to those located between Ϫ40 and Ϫ50. Binding of TBP to the TATA box has been reported to induce bending of Ϸ95° (41) . Our EM data indicate that bending of the promoter DNA also occurs in the context of complexes assembled on the TATA box in the presence of TBP, TFIIB, TFIIF, pol II, and TFIIE, and that Ϸ51 bp of promoter DNA are included within the core of the complex (Fig. 3) . In the context of a 95°bend in promoter DNA, it seems unlikely that a single molecule of RAP74 can make simultaneous contacts with the major groove of DNA at positions Ϫ5, Ϫ15, Ϫ39͞Ϫ40, and Ϫ45͞Ϫ48. However, it is possible that greater bending exists in the context of a preinitiation complex containing TBP, TFIIB, TFIIF, pol II, and TFIIE. For example, additional bends totaling Ϸ90°would bring the Ϫ50͞Ϫ40 and Ϫ15͞Ϫ5 regions into juxtaposition. Alternatively, it is possible that more than one molecule of RAP74 associate with the preinitiation complex. For example, in the context of a 95°bend centered on the TATA box, a heterotetramer composed of two molecules of each RAP30 and RAP74 would be more likely to make simultaneous contacts with the major groove at positions Ϫ5, Ϫ15, Ϫ39͞Ϫ40, and Ϫ45͞Ϫ48. Interestingly, it has been shown (32, 43) that TFIIF can exist as a heterotetramer in solution. Both possibilities would be consistent with our observations that either the full-length RAP74 (Fig. 1 A) or mutant proteins with C-terminal deletions (data not shown) and the 145-kDa pol II subunit (Fig. 1 A) crosslink to promoter sequences located both upstream and downstream of the TATA box and that the DNA is visually shortened by Ϸ50 bp (Fig. 3) .
Previous studies have demonstrated that the RAP30 subunit of TFIIF is sufficient for recruiting pol II to a TBP-TFIIB-promoter complex (9, 11, 12) . The RAP74 subunit of TFIIF was shown to stabilize a TBP-TFIIB-RAP30-pol II-promoter complex (11, 44) . Consistent with these observations, we have shown (35) that RAP74 increases crosslinking of both pol II and RAP30 to nucleotide Ϫ19 of the adenovirus major late promoter. We now provide evidence that the stabilization of the preinitiation complex induced by RAP74 is accompanied by a reorganization of the complex that affects the position of pol II relative to that of the DNA. Our data indicate that binding of RAP74 to the preinitiation complex has two different effects on the crosslinking of pol II along promoter DNA. Firstly, the presence of RAP74 in our reactions increased the specific crosslinking of the 145-kDa subunit of pol II to nucleotides Ϫ19 (Fig. 2C) , Ϫ15, and Ϫ5 (ref. 35 and data not shown). Consistent with previous observations (11, 35, 44) , these data indicate that RAP74 can enhance the formation of stable preinitiation complexes. Secondly, and more importantly, the presence of RAP74 in our reactions induced two new crosslinking sites for pol II subunits along promoter DNA, one for the 180-kDa subunit at nucleotide Ϫ19 (Fig. 2C) , and one for the 145-kDa subunit at nucleotides Ϫ39͞Ϫ40 (Fig. 2B ). This finding shows that RAP74 can induce a conformational change that repositions pol II relative to the DNA, bringing the 180-kDa subunit closer to position Ϫ19 and the 145-kDa subunit closer to positions Ϫ39͞Ϫ40 (Fig. 4A) . We do not yet know whether the conformational change affects the absolute position of the DNA, the polymerase, or both. Because RAP74 (15) and pol II (40) both contain DNA-binding domains, it is possible that contacts between these proteins and the DNA helix upstream of the TATA box sharpen the angle of the bend, thereby bringing the nucleotides at positions Ϫ39͞Ϫ40 closer to the polymerase. It is equally possible that the association of RAP74 with the preinitiation complex repositions the polymerase, bringing the 145-kDa subunit closer to DNA in the vicinity of position Ϫ40. The N-terminal region of RAP74 (amino acids 1-205), which contains the RAP30-binding domain, is both necessary and sufficient for the reorganization of the preinitiation complex (Fig. 2) . Interestingly, the same RAP74 region was found to be minimally (1) (2) (3) (4) (5) (6) 26) . RAP74 is located in close proximity to the DNA on each side of a bend centered on the TATA box. RAP74, RAP30, and the 145-kDa subunit of pol II occupy a space on the same face of the DNA helix between positions Ϫ19 and Ϫ5. The placement of RAP74 in close proximity to pol145 is also consistent with the identification of a putative TFIIF interaction site in the IIc subunit (pol 140) of pol II in Drosophila (45) . TFIIE34 and the 180-kDa subunit of pol II are placed on the other face of the helix between Ϫ19 and ϩ1. The model is consistent with our EM data although no subunit structure can be resolved in the EM photo.
required to support accurate transcription in vitro (15) . This may be because the conformational change induced by RAP74 is important for transcription.
Our data suggest that the large subunit of TFIIF is involved in controlling the topological organization of the preinitiation complex. RAP74 was shown to bind directly to several members of the transcription machinery including RAP30 (10, 14, 15) , pol II (15), TFIIB (13, 15) , TBP-associated factor II 250 (16) , and TFIIE56 (17) . RAP74 may orchestrate the organization of the preinitiation complex through these various protein-protein interactions. Proper molecular organization of the TBP-TFIIB-TFIIF-pol II-TFIIE complex (Fig. 4B ) may be necessary for recruitment of TFIIH, formation of an open complex, initiation of RNA chain synthesis, stabilization of the RNA-DNA duplex during early elongation, and activation by some DNA-binding transcription factors. In addition, our results allow to speculate that TFIIF may play a central role in the molecular organization of the pol II holoenzyme. The previous finding that TFIIF is part of the so-called ''mediator'' in yeast (19) suggests that RAP30 and RAP74 may participate in the assembly of the holoenzyme by stabilizing the association of the mediator with the core pol II. As we have mentioned above, our data allow us to predict that TFIIF exists as a heterotetramer in the preinitiation complex. If this is indeed the case, a putative heterotetramer of TFIIF would contribute to a more extensive interface of interaction between the mediator and the core enzyme.
Compared with high resolution techniques such as x-ray crystallography and NMR, the method of photocrosslinking has the advantage of providing information on the molecular organization of large complexes assembled using full-length proteins or deletion mutants. In this report, we have analyzed the topology of a protein-DNA complex composed of 15-20 polypeptides, namely a TBP-TFIIB-TFIIF-pol II-TFIIE-promoter complex. The photocrosslinking experiments can also provide information on the putative role of various factors in complex assembly. Here, we have obtained information on the role of RAP74. However, and as it is also the case for high resolution techniques, the recruitment of additional factors such as TFIIA and TBPassociated factors may affect the positions of the other factors bound to the complex. Similarly, the positions of human pol II subunits may be different than those presented for the calf thymus pol II used in this study. In the future, it will be relevant to analyze larger complexes that will resemble more closely the complexes likely to be found in vivo. These analyses will continue to provide useful information on the molecular organization and the mechanisms of assembly of transcription complexes on class II gene promoters.
